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We review our recent studies on ferromagnetic superconductors, UGe2, URhGe and UCoGe, where
the spin-triplet state with the so-called equal spin pairing is realized. We focus on experimental results
of URhGe and UCoGe in which the superconductivity occurs already at ambient pressure. The huge
upper critical field Hc2 on UCoGe for the field along the hard magnetization axis (b-axis) is confirmed
by the AC susceptibility measurements by the fine tuning of field angle. Contrary to the huge Hc2
along the hard-magnetization axis, Hc2 along the easy-magnetization axis (c-axis) is relatively small
in value. However, the initial slope of Hc2, namely dHc2/dT (H → 0) both in UCoGe and in URhGe
indicates the large value, which can be explained by the magnetic domain effect detected in the
magnetization measurements. The specific heat measurements using a high quality single crystal of
UCoGe demonstrate the bulk superconductivity, which is extended under magnetic field for the field
along c-axis.
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Ferromagnetism and superconductivity had been thought to be competitive phenomena, since
the large internal field due to the ferromagnetism easily destroys the superconducting Cooper pairs.
In 1980s’, some exceptional cases were found for example in ErRh4B4 and HoMo6Se8 [1]. In these
materials, the superconductivity is observed in the intermediate temperature range. Further decreasing
temperature, the ferromagnetism appears and the superconducting phase collapses at low temperature,
meaning that the Curie temperature (TCurie) is lower than the superconducting transition temperature
(Tsc), and there is no microscopic coexistence of superconductivity and ferromagnetism with large
ordered moment. The microscopic coexistence was theoretically proposed in the weak ferromagnet
ZrZn2 [2], where the spin-triplet state is formed near the ferromagnetic quantum critical point. There
are, however, no experimental evidences.
The first microscopic coexistence of ferromagnetism and superconductivity was found in UGe2
under pressure [3], then in URhGe at ambient pressure [4], and more recently in UCoGe at ambi-
ent pressure [5]. All the known ferromagnetic superconductors are uranium compounds, and Tsc is
lower than TCurie [6, 7]. The ordered moments of U atom are substantially reduced, compared to
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the free ion value. (UGe2: 1.5µB, URhGe: 0.4µB, UCoGe: 0.05µB) The Sommerfeld coefficients
(γ-value) are moderately enhanced (UGe2: 34 mJ K−2mol−1, URhGe: 160 mJ K−2mol−1, UCoGe:
55 mJ K−2mol−1), indicating the proximity of the ferromagnetic quantum critical point. A striking
point is the large upper critical field Hc2 exceeding the Pauli paramagnetic limit. When the field is
applied along the hard-magnetization axis (b-axis) in URhGe, the field-reentrant superconducting
phase appears [8]. In UCoGe, the unusual S-shaped Hc2 curve is observed [9]. These phenomena
are closely related to the ferromagnetic instabilities, where TCurie is reduced under magnetic fields
and collapses at the enhanced superconducting phase. Another interesting point is that Tsc of UCoGe
shows the maximum at the critical pressure Pc where ferromagnetism is suppressed, and supercon-
ductivity survives even in the paramagnetic state [10]. This is contradictory to a previous theoretical
prediction [2].
Here we present our recent experimental results on UCoGe and URhGe for further investiga-
tion on the superconducting state and the ferromagnetic instabilities. High quality single crystals of
UCoGe and URhGe were grown using the Czochralski method in a tetra-arc furnace. Starting mate-
rials with appropriate ratio were melted under the high purity Ar atmosphere gas. The ingot was then
pulled using a W-tip or a seed crystal with a slow pulling rate 10–15 mm/hr. Obtained single crystals
were cut in a spark cutter and were annealed under the ultra high vacuum. The quality of single crys-
tals characterized by resistivity measurements strongly depends on the position of the single crystal
ingot. Therefore strenuous efforts were devoted for the characterization. For example, more than 150
single crystal samples of UCoGe were checked by the resistivity measurements using a homemade
adiabatic demagnetization refrigerator (ADR) combined with PPMS, which allows us to cool the
samples down to 100 mK within two hours from room temperature. The highest residual resistivity
ratio (RRR) of UCoGe is 200. The temperature dependence of AC susceptibility of UCoGe was mea-
sured at low temperature down to 0.1 K and at high field up to 16 T for the field along b-axis using
a conventional dilution refrigerator with a sample rotation system. The specific heat of UCoGe was
measured by the relaxation method using a homemade addenda at low temperature down to 0.1 K
and at fields up to 0.5 T for the field along c-axis. The very low field resistivity measurements for
the field along c-axis were performed in UCoGe. Special attention was paid in order to eliminate
the remnant field using a Hall sensor. The low field magnetization measurements were done for the
field along c-axis by using a homemade SQUID magnetometer for UCoGe and a commercial SQUID
magnetometer for URhGe.
Figure 1(a) shows the Hc2 curves of UCoGe for H ‖ a, b and c-axes determined by the resistivity
measurements. The value of Hc2 for H ‖ c-axis is close to the Pauli limit based on the weak coupling
BCS model. When the field is applied along the hard magnetization axis (a and b-axis), the huge
Hc2 are observed. For H ‖ a-axis, Hc2 shows the upward curvature and may reaches ∼ 30 T at
0 K. A very anisotropic Hc2 between a and c-axis is also displayed in Fig. 1(b). When the field is
slightly tilted to the easy magnetization axis, Hc2 is strongly suppressed. Hc2 for H ‖ b-axis shows the
unusual S-shaped curve. Since TCurie is suppressed from 2.5 K at zero field to 1 K at 14 T for H ‖ b-
axis, one can consider that the ferromagnetic instabilities induced by the magnetic field reinforce
the superconducting state. In fact, the resistivity A coefficient and the γ-value are enhanced around
14 T [9, 11]. The situation seems to be similar to the case of URhGe, where the spin-reorientation,
re-entrant superconductivity, enhancement of γ-value are observed around Hm ∼ 12 T [8, 11–13].
However, the paradox of UCoGe is that no anomaly is detected around 14 T in the magnetization
measurements up to now. A new mechanism associated with the reconstruction of Fermi surface
is also plausible in UCoGe. In fact, non-linear field-response of Shubnikov de Haas frequency is
observed above 20 T [14], implying the Fermi surface instabilities. Furthermore, since UCoGe is low
carrier system, the Fermi surface can be easily affected by the magnetic field as in URu2Si2 [15, 16].
Figure 2 shows the temperature dependence of the AC susceptibilities in UCoGe. Two anoma-
lies associated with TCurie and Tsc are observed at zero field. This is consistent with the previous
report [17]. Applying the magnetic field along b-axis, the anomaly due to the superconductivity is
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Fig. 1. (a)Temperature dependence of the upper critical field Hc2 for H ‖ a, b and c-axes determined by the
resistivity measurements in UCoGe. Tsc at zero field is approximately 0.6 K, which slightly depends on the
sample. (b)Angular dependence of Hc2 at 90 mK [9].
shifted to lower temperatures, but it sustains even at the highest field 16 T, indicating the S-shaped
Hc2 curve, as shown in Fig. 2(c), where the superconducting transition was defined as the onset of the
drop of AC susceptibility. The results are in good agreement with those of resistivity measurements,
implying the bulk superconductivity for H ‖ b-axis, although another experimental probe such as
specific heat or thermal conductivity is required for the definite conclusion.
Figure 3(a) shows the temperature dependence of the specific heat using a high quality single
crystal of UCoGe with RRR = 165. Here the hyperfine contribution due to the nuclear specific heat ap-
peared as an upturn below 0.15 K is subtracted, assuming Cnuc ∝ 1/T 2. Thanks to the very high qual-
ity single crystal, the residual γ-value is relatively small (γ0 ∼ 10 mJ K−2mol−1). This corresponds to
15 % of the specific heat in the normal state (γ0/γN = 0.15). Two other ferromagnetic superconduc-
tors, URhGe and UGe2 also have residual γ-values; γ0/γN = 0.5 for URhGe with RRR = 120 [4],
γ0/γN = 0.7 for UGe2 with RRR = 600 [18] under pressure. It is worthwhile to note that the residual
value seems to be related to the ordered moments (UGe2: 1µB, URhGe: 0.4µB and UCoGe: 0.05µB).
The large ordered moment induces the large residual γ-value.
A reason for the large residual γ-values could be self-induced vortex states caused by the sublat-
tice moment of ferromagnetism. That is, the material is always in the superconducting mixed state
without Hc1, which is also supported by recent NMR/NQR experiments and magnetization mea-
surements in UCoGe [17, 19, 20]. Another possibility is that the minority-spin Fermi surface is not
gapped and the majority-spin Fermi surface is only responsible for the superconductivity within the
framework of spin-triplet state with equal-spin pairing.
Figure 3(b) shows the temperature dependence of Hc2 for H ‖ c-axis, determined by the specific
heat results as a bulk superconductivity. Because of the large hyperfine contribution at low temper-
atures under magnetic field as shown in the inset of Fig. 3(b), it is difficult to determine Tsc under
magnetic fields. Nevertheless, from the entropy balance, Tsc was determined up to 0.4 T, as shown
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Fig. 2. Temperature dependence of the AC susceptibility at zero field (a) and under magnetic field at low
temperature for H ‖ b-axis (b) in UCoGe. (c) Temperature dependence of Hc2 for H ‖ b-axis obtained by AC
susceptibility measurements.
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Fig. 3. (a) Temperature dependence of the specific heat in the form of C/T vs T in the high quality single
crystal of UCoGe with RRR = 165. The inset shows the results at high temperatures. The nuclear specific heat
is subtracted. (b) Temperature dependence of Hc2 for H ‖ c-axis obtained by the specific heat. The inset shows
the temperature dependence of the specific heat at different fields 0, 0.02, 0.1, 0.2, 0.3, 0.4 and 0.5 T.
in the main panel of Fig. 3(b). The Hc2 curve exhibits a slight upturn behavior and it may reaches
0.6–0.7 T at 0 K. These results are in good agreement with those determined by the resistivity mea-
surements.
Figures 4(a) and 4(c) shows the temperature dependence of Hc2 for H ‖ c-axis. The data of
Fig. 4(c) were cited from Ref. 21. Both in UCoGe and in URhGe, unusual initial slopes of Hc2,
which are almost vertical, are observed for the field along easy-magnetization axes. This might be
explained by the magnetic domain effect. As shown in Figs. 4(b) and 4(d), the magnetic domain is
aligned at around 0.005 T for UCoGe and 0.03 T for URhGe. Since the ordered moment of UCoGe
is one order magnitude smaller than that of URhGe, the difference between UCoGe and URhGe with
4
0.02
0.01
0
H
c2
 
(T
)
0.660.650.640.63
T (K)
UCoGe
H // c-axis
-0.05
0
0.05
M
 
(µ B
/f.
u.
)
-0.01 0 0.01
H (T)
UCoGe
H // c-axis
T > Tsc
~
1.5
1.0
0.5
0
H
c2
 
(T
)
0.50
T (K)
(a)
(b)
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
H
c2
 
(T
)
0.30.20.10
T (K)
URhGe
H // c-axis
-0.4
-0.2
0
0.2
0.4
M
 
(µ B
/f.
u.
)
-0.10 -0.05 0 0.05 0.10
H (T)
URhGe
H // c-axis
2 K
(c)
(d)
Fig. 4. (a) Temperature dependence of Hc2 at low fields determined by the resistivity measurements for
H ‖ c-axis in UCoGe. The inset shows the full curve of Hc2. (b) Low field magnetization curve just above Tsc
for H ‖ c-axis in UCoGe. (c) Temperature dependence of Hc2 for H ‖ c-axis in URhGe cited from Ref. 21. (d)
Low field magnetization curve for H ‖ c-axis at 2 K in URhGe.
respect to the critical field for the magnetic mono-domain is consistent. When the magnetic mono-
domain is achieved, Hc2 decreases with field. In other words, the initial slope of Hc2 reveals almost
vertical until the magnetic mono-domain is achieved, because the effective field for superconductivity
would be almost invariant up to the critical field of magnetic mono-domain.
In summary, we have performed the resistivity, AC-susceptibility, specific heat and magnetization
measurements in high quality single crystals of UCoGe and URhGe. The very large Hc2 was detected
by the AC-susceptibility for H ‖ b-axis in UCoGe, which is consistent with the results of resistivity
measurements. Specific heat in the high quality single crystal of UCoGe (RRR = 165) reveals the
small residual γ-value in the superconducting state due to the self-induced vortex states which might
be related to the magnitude of the ordered moment. Unusual initial slopes of Hc2 for the field along
the magnetization easy-axis could be explained by the magnetic domain effect, indicating an evidence
for the strong correlation between ferromagnetism and superconductivity.
This work was supported by ERC starting grant (NewHeavyFermion), French ANR project
(CORMAT, SINUS, DELICE).
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